To equalize the resistance of all possible current paths in regular vertical-conducting metal-substrate GaN-based light-emitting diodes ͑VM-LEDs͒, an anisotropic laser etching to the surface layer ͑n-GaN͒ of 40 mil VM-LEDs for improving light emission uniformity and light output power is proposed and demonstrated. The feasibility of the proposed scheme was verified by current and light emission distribution as well as light extraction rate simulations. In conjunction with a nonuniform excimer laser beam irradiation through a mask and rotation of the epitaxy wafer, VM-LEDs with a concave-surface n-GaN layer were also fabricated. Typical improvement in light output power by 38%-26% at an injection current of 350 mA as compared to the one without anisotropic etching has been obtained.
GaN-based light-emitting diodes ͑LEDs͒ have been the subject of extensive investigations because of their potential applications in areas such as full-color displays, full-color indicators, and high-efficiency solid state lighting. [1] [2] [3] [4] A new era in display technology and lighting sources has been stimulated by high-efficiency GaN-based LEDs which were commonly epitaxially grown on sapphire substrate. Nevertheless, severe current-crowding effect and heat-conducting problem due to the use of insulating sapphire substrate in conventional lateral conducting GaN-based LEDs ͑abbrevi-ated as regular LEDs͒, especially under a high injection current, should be solved to further improve both efficiency and power rating of LEDs.
Efforts to release the problems of regular LEDs mentioned above by means of vertical-conducting structure, transparent conduction layer ͑TCL͒, and surface texturing, etc., have been reported and encouraging results have been achieved. [5] [6] [7] Recently, the authors' group reported the use of patterned laser lift-off ͑LLO͒ process and electroplating technique to realize a vertical-conducting metal-substrate GaNbased LEDs ͑abbreviated as VM-LEDs͒. 5, 6, 8 Though the VM-LED has been shown providing a significant improvement ͑ϳ2.3ϫ ͒ in light output power ͑L op ͒ and much less forward voltage drop ͑V f ͒ as compared to those of regular LEDs, severe current and light emission crowding under contact pad region are still a challenge issue.
In this work, the use of an anisotropic laser etching to attain a concave-surface n-GaN / TCL layer structure on the top of VM-LEDs to enhance current spreading and improve light emission uniformity is proposed and demonstrated. Simulation results of current distribution, light emission pattern in the active region, and light extraction rate of the proposed top structure were also presented. The scheme for anisotropic etching n-GaN layer using an excimer laser was introduced. Experimental light output characteristics of 40 mil VM-LEDs with or without anisotropic laser etching to the top n-GaN layer were compared and discussed. Figure 1 illustrates the concept of the anisotropically etched structure in alleviating current crowding in VM-LEDs. Note that the same concept could also be equally applied to the case with a convex surface once the contact electrode has been well arranged. For the two arbitrary conduction paths shown in Fig. 1͑a͒ for a regular VM-LED with a flat n-GaN / TCL structure ͑referred to as sample A͒, the series resistance along path 2 is always larger than that along path 1 ͑i.e., R 2 + R TCL Ͼ R 1 ͒. Accordingly, the current density along the path far away from contact electrodes should be much less than that along the path under the contact electrodes. As a result, light emission in the center region of the device would be much darker than that under contact pad region. As for the device with a concave-surface n-GaN / TCL structure shown in Fig. 1͑b͒ referred to as sample B͒, due to a relatively smaller thickness therein, the series resistance R 2 is relatively smaller than that of sample A and a finite difference in resistance ⌬R͑=R 1 − R 2 ͒ exists. In essential, through a suitable design for curvature of the concave-surface top n-GaN layer and thickness/resistivity of the TCL layer in sample B, R TCL could be balanced out by the difference of series resistance ⌬R. Under the circumstance, a good balance of series resistances along any possible conduction paths could be realized ͑i.e., R 2 + R TCL = R 1 ͒ and uniform current distribution can be expected.
For a feasibility study on the proposed layer structure, the distribution of current and light emission of samples A and B were analyzed using ISE-TCAD. 9 The chip size of the samples A and B are of 1000ϫ 1000 m 2 . The doping concentration and thickness of the top n-GaN layer are 5 ϫ 10 18 cm −3 and 3 m, respectively. A semispherical anisotropic etching area with a diameter of 800 m was employed for sample B. The n-GaN layer has a concave surface with an etching depth ranging from 0 to 1.7 m along the edge to the center. Figure 2͑a͒ shows the calculated current density distribution across the active region of sample A and sample B devices under a forward bias of 4 V. The corresponding light emission distribution in the active region of the samples was shown in the inset. It is evident that, as compared to sample A, a considerable improvement in current distribution and fairly good uniformities in light emission of the nonoptimized sample B was obtained. In essential, parameters such as the size of the etching area, curvature of the n-GaN layer surface, and thickness and resistivity of the n-GaN and TCL layer, etc., all play crucial role on the uniformity of current and light emission distribution of the sample B devices. The influence of the concave-surface n-GaN layer on light extraction of VM-LEDs was also examined by a light propagation simulation tool FullWave. 10 A comparison of the calculated light extraction rates of VM-LED with sample A or B as a function of the diameter of the anisotropic etching area was shown in Fig. 2͑b͒ . Here the light extraction rate is defined as the percentage of light emitted from the bottom of the n-GaN layer reaching the detection screen. It is noted that, as illustrated in the inset of the figure, light beams were assumed to be uniformly emitted from the bottom of the n-GaN layer during simulation and a detection screen was located at a distance of 3 m above the top of the n-GaN surface. Theoretical calculated results indicate that light emission from the concaved n-GaN layer increases with increasing the diameter ͑D͒ of the anisotropic etching area. It also reveals that light extraction rate of a concaved n-GaN layer would not be degraded once the diameter of the concave etching area is larger than 500 m.
In experiments, the InGaN multiple-quantum-well ͑MQW͒ LED structures were grown on c-plane 2 in. sapphire substrates by metal organic chemical vapor deposition. The LED epilayers consist of a buffer layer, a 0.5-m-thick undoped GaN ͑u-GaN͒ layer, a 3-m-thick Si-doped n-GaN cladding layer, an undoped five-period GaN / InGaN MQW, a Mg-doped p-cladding layer, and a 0.15-m-thick Mg-doped GaN layer. The GaN epilayer transfer process begins with the deposition and annealing of e-beam-evaporated Ni ͑2.5 nm͒ /Au ͑4.5 nm͒ film used to achieve Ohmic contact to p-GaN. Subsequently, a metal system comprising Ti ͑15 nm͒ /Al ͑400 nm͒ /Ti ͑100 nm͒ /Au ͑200 nm͒ was deposited by e-beam evaporation as a mirror layer for light reflection and also as an adhesive layer to the subsequent electroplated nickel layer. The electroplating process was performed to form a nickel layer with a thickness of about 50 m. A 248 nm KrF excimer laser with a single pulse of 38 ns in width and energy of 850 mJ/ cm 2 was used for the LLO process. The details of the LLO process can be referred to in Refs. 5 and 8.
After that, the sample was subjected to inductively coupled plasma ͑ICP͒ etching to remove the top u-GaN layer and then a chemical etching using 6M KOH solution at 60°C for 10 s to remove possible damaged regions caused by the ICP process. After that, anisotropic laser etching process was followed. Without sacrificing the light extraction rate and to incorporate the width of contact ring, a diameter of 800 m for the anisotropic etching region was used. The same KrF excimer laser with relatively lower energy of 400 mJ/ cm 2 was directed through a special design copper mask onto the surface of n-GaN epilayer which was rotated at constant speed. Accordingly, the amount and depth of laser beam irradiation on the n-GaN layer and the subsequent decomposition of GaN were different radically. As a result, a concaved n-GaN epilayer with thickness decreasing from edge to center was obtained. To further improve the contact properties and remove the possible Ga residues, chemical treatments with dilute HCl: H 2 O ͑1:1͒ solution for 8 s were carried out on the etched n-GaN layer. Then a 2.5-nm-thick Ti film and a 300-nm-thick sputtering-deposited indium zinc oxide film were deposited consequently on the surface of the concaved n-GaN layer. Finally, a Cr ͑15 nm͒ /Al ͑200 nm͒ /Cr ͑15 nm͒ /Au ͑800 nm͒ metal system was deposited and patterned as a cathode contact ring, and thus VM-LEDs of sample B were obtained. Based on controlled samples, sheet resistance and resistivity of the concavesurface anisotropic etching n-GaN / TCL structure are of around 20 ⍀ / ᮀ and 5 ϫ 10 −4 ⍀ cm, respectively. For comparison, sample A devices ͑i.e., regular VM-LEDs͒ were also fabricated. Figure 3 shows the top view picture of sample B obtained from optical microscope and the corresponding surface depth profile measured by a confocal microscope. As is evident from the figure, a concave surface on the n-GaN layer with a diameter of around 800 m and an etching depth of about 1.75 m at the center were formed. Comparable current-voltage ͑I-V͒ characteristics with a typical forward voltage drop of about 3.45 V at 350 mA were obtained ͑not shown͒. Figure 4 illustrates typical experimental light output power-current ͑L op -I͒ characteristics of samples A and B. The inset of the figure also shows the photomicrograph of the two samples at 350 mA. The solid curve shown at the bottom of each photograph is the profile of light output intensity measured along the path indicated by the dashed line, which was obtained using a near-field electron-luminance microscope with a charge-couple device and a video analyzer. It is seen that a more uniform light emission has been obtained from the sample B. Though the concave-surface n-GaN / TCL structure of the sample B has not yet been subjected to optimization, experimental results based on more than 50 sample B VM-LEDs reveal that, as compared to that of sample A, typical improvement in L op by about 38%-26% at 350 mA has been obtained. Improvement in light emission of the etched device should be mainly attributed to the fact that the use of anisotropic laser etching has led to a more uniform current distribution in the active region. Further improvement in L op can be expected by optimizing the anisotropic etching process, maximizing the area of series resistance balance region, or using a convex-surface n-GaN / TCL layer structure. Detailed study on the optimum design of concave-and convex-surface n-GaN / TCL layer structure is now underway.
In conclusion, the use of an anisotropic laser etching to realize a concave-surface n-GaN / TCL structure to enhance current spreading of VM-LEDs has been proposed and demonstrated. Theoretical calculations show that the effect of the concave-surface n-GaN / TCL structure strongly depends on the curvature and material parameters thereof. Using an anisotropic laser etching, VM-LEDs with a concave-surface n-GaN / TCL layer structure of 800 m in diameter with a depth of 1.7 m at the center have been fabricated. Typical improvement in light output power by about 38%-26% at an injection current of 350 mA as compared to that of regular VM-LEDs has been obtained, indicating that the anisotropic laser etching has led to a more uniform current distribution in the active region. It is expected that the proposed anisotropic etching to the top n-GaN layer would provide an effective way in enhancing current spreading in larger-area high-power vertical-structure GaN-based LEDs. 
